The phase transformation phenomena in eutectic Ga-In-Sn alloys around room temperature are studied by thermal analysis, internal friction, and in-situ XRD methods. The results show that in addition to the solidification transformation, a novel the so-called 'pre-solidification' phase transition, demonstrating first-order feature, is observed prior to the crystallization during cooling. The internal friction increases when the 'pre-solidification' effect occurs. The shear modulus increases until crystallization. An internal friction peak is attributed to the melting process observed during heating. The mechanism of the 'pre-solidification' transformation in Ga-In-Sn eutectic alloy is discussed.
Introduction
Ga-In-Sn eutectic alloys have attracted much attention due to the unique feature that exhibits typical metal properties in the liquid state even at room temperature. These alloys can be used as advanced flexible conductor [1] , tip refrigerant [2] or mercury substitute [3] , and attract potential users in electrical engineering, computer engineering, medicine, etc. Moreover, Ga-In-Sn alloys with the neareutectic compositions have been used as a model material for the investigation of the crystallization process due to low melting temperature and a variety of phase diagrams of state [4] . Solidification and melting transformation of eutectic Ga-In-Sn alloys occur at around room temperature and bring in a few novel phenomena. It is crucial to understand these phase transformation behaviors of Ga-In-Sn eutectic alloy for practical applications.
In this paper, phase transformations in the Ga-In-Sn eutectic alloy are investigated by thermal analysis and internal friction around room temperature. Apart of the solidification and melting transformation, a novel 'pre-solidification' effect is observed during cooling. The mechanism of the 'presolidification' effect is briefly discussed.
Materials and methods
The Ga-In-Sn eutectic alloy was prepared by melting in a furnace filled with pure argon. The raw materials for melting are high purity Gallium (99.99%), Indium (99.95%), and Tin (99.9%). The chemical composition of the Ga-InSn eutectic alloy is 69.0% Ga, 21.0% In and l0.0% Sn by weight. Thermal analysis of phase transformations was carried out in a differential scanning calorimeter (Diamond DSC, PerkinElmer). The cooling/heating rate was 5°C/min. The structural analysis of the Ga-In-Sn alloy during cooling was carried out by in-situ X-ray diffraction (XRD).
The internal friction and shear modulus were measured in a low-frequency subresonant internal friction spectrometer. The experimental set-up based on a conventional torsion pendulum was modified as described in [5] . A vessel was used for holding a liquid sample whereas a bell-like cup was used as a sensor that should be immersed in the liquid sample and connected to an oscillating rod in the torsion pendulum. In order to avoid oxidation of liquid samples, the mechanical spectrometer was equipped with a vacuum pump and a gas shielding system (high purity argon). A computer controlled automatic system was designed to control experimental conditions and data processing. The mechanical loss, tanφ, (φ denotes the phase angle at which the strain lags behind an external stress applied on the specimen) of investigated melts was measured as a function of temperature with constant heating/cooling rate 1°C/min. Mechanical loss measurements were performed at constant driving frequency f = 1.0 Hz. Figure 1 shows the thermo-analytical curve of Ga-InSn alloy obtained during thermal cycle between -50°C and 50°C. Two exothermic peaks are observed at about -1.1°C and -35.2°C during cooling whereas only one endothermic peak occurs around 13.8°C during heating. The endothermic P3 peak observed during heating is associated with the melting transformation of the Ga-In-Sn alloy [6] . The exothermic P2 peak is believed to be induced by the crystallization nucleation process during solidification because the value of the released heat is close to the heat absorption during melting. The origin of the exothermic peak marked as P1 is unknown. It is clear, however, that a phase transformation occurred, which is identified in this work as the 'pre-solidification' and it would result in the change of physical properties, such as the viscosity and the coefficient of thermal expansion. An in-situ XRD analysis on the Ga-In-Sn alloy obtained during cooling from 50°C to -50°C is shown in Fig. 2 . The results indicate that the Ga-In-Sn alloy exhibit liquid structure as cooled beyond -20°C. This indicates that the 'pre-solidification' transformation resembles a liquid-liquid transition. After being cooled to -40°C, the structure of the Ga-In-Sn alloy shows crystalline features. It is further confirmed that the P2 exothermic peak during cooling in DSC analysis is caused by crystallization nucleation. Fig. 2 . In-situ XRD analysis on the Ga-In-Sn alloy during cooling from 50°C to -50°C Figure 3 shows internal friction and shear modulus measured in the Ga-In-Sn alloy as a function of temperature during cooling. The internal friction increases at -0.2°C, while the modulus remains stable. This temperature is in good agreement with the occurrence of the P1 exothermic peak where the 'pre-solidification' effect is observed. As the temperature decreases to around -13.8°C, the internal friction decreases while shear modulus increases dramatically. A sudden rise of temperature of the Ga-In-Sn melts is also observed, which is caused by a huge heat release during crystallization. It can be concluded that the crystallization process occurs at -13.8°C during cooling in internal friction measurements, which is much higher as compared to the results obtained from thermal analysis. During heating, only one internal friction peak is observed around 21.5°C, which is accompanied by sharp decrease in the modulus (Fig. 4) . This effect is caused by the melting of the Ga-In-Sn alloy. It is worth noting that the melting temperature of the Ga-In-Sn alloy in internal friction measurements is also higher than that in thermal analysis. It is concluded that the 'pre-solidification' behavior can lead to an increase in internal friction but does not affect the shear modulus of the Ga-In-Sn melts. By contrast, both the internal friction and shear modulus are sensitive to the melting and solidification processes.
Results and discussion
Mechanical loss measurements and thermal analysis yield supplementary results suggesting that a first-order 'presolidification' transition can be observed between the melting and solidification temperatures. The structure of the Ga-In-Sn alloy after 'pre-solidification' indicates liquid features. Thus it is concluded that a first-order liquid-liquid transformation occurs in Ga-In-Sn super-cooled alloys. Liquid-liquid phase transitions have experimentally and theoretically been proved to occur in many one-component and multi-component systems [7] [8] [9] . Poole [10] proposed that the liquids having open molecular coordination environments at low pressure would show liquid-liquid phase transitions (also called liquid polymorphism) as the most promising candidates. In our case, the detailed mechanism of 'pre-solidification' behavior in the Ga-In-Sn alloys is not clear yet. But this metastable phase transition can be clearly observed (and adjusted by alloying, which will be discussed in other paper) at suitable temperature without adding pressure. It was also not obscured by crystal nucleation in a considerable wide temperature range because the Ga-based alloys show huge undercooling. Hence, the Ga-In-Sn alloy is an ideal model material for excavating the intrinsic mechanism of the liquid-liquid transition.
Zu [11, 12] investigated temperature-dependent discontinuous structural change in some binary liquids, such as In-Sn, Pb-Sn, Pb-Bi alloys by mechanical spectroscopy. The rise of internal friction peaks was observed as the liquidliquid transition occurred. This effect was explained by the interface produced during transition [12] . It is important to emphasize that the shear modulus was not clearly changed during 'pre-solidification'. The internal friction peaks and associated mechanisms of dissipation of mechanical energy and variation the shear modulus in Ga-In-Sn alloys require further investigation. The solidification/melting transition temperatures determined from the internal friction measurements are much higher than temperatures deduced from the thermal analysis. It is tentatively explained that a sample is under time-independent static conditions during thermal analysis whereas it is subjected to an external harmonic perturbation stress field during mechanical loss measurements. The external torsional stress field might affect the solidification crystallization process which leads to higher crystallization temperature during cooling. This approach cannot explain, however, why the melting temperature rises during internal friction measurements during heating. One should also take into account that the sample in thermal analysis has a small volume with a ball shape. Under such circumstances, the surface tension plays an important role in the overall energy of the melts. These parameters affect the solidification/melting transition processes accompanied by huge volume change as well as the surface area change. Further experimental and theoretical research is required for the better understanding of the transition behavior in the Ga-In-Sn alloys.
Conclusions
The phase transformation of Ga-In-Sn alloys near room temperature was studied by thermal analysis, internal friction and in-situ XRD method. The experimental results showed that a first-order liquid-liquid transition, also called as the 'pre-solidification', can be experimentally observed prior to the solidification nucleation process during cooling of the GaIn-Sn alloy. A melting phase transformation is observed only during heating. The internal friction is sensitive and powerful technique to reveal the 'pre-solidification' behavior while the variation in shear modulus can only reflect the melting and solidification process.
